The effect of self-phase modulation in chirped-pulse amplification is investigated.
top, high-irradiance laser systems that use the technique of chirped-pulse amplification 1 (CPA) have proliferated dramatically. 2 This technique has made possible the amplification of very short laser pulses (-I ps) to very high peak powers (Ž1012 W) in small-scale laser systems. To avoid damaging nonlinear effects such as self-focusing and self-phase modulation, which normally would be associated with the propagation of such high-power laser pulses through a laser amplifier chain, a short broadband pulse is initially stretched by several thousand by inducing a large amount of group-velocity dispersion with a grating pair. 3 ' 4 After amplification the pulse is compressed to near its initial duration with a second grating pair.-A multitude of factors can degrade the pulse on compression. They can be grouped into those that affect the pulse amplitude (gain narrowing, 6 amplitude modulation from 6talons or spectral filters, saturated gain 7 ) and those that affect its phase (such as material dispersion and uncompensated cubic or quartic phase). 6 To varying degrees, these effects can be minimized by different stretcher/compressor designs. 9 " 0 In this Letter we show that self-phase modulation of the stretched pulse as it propagates through the amplifier chain will ultimately limit the peak power and pulse contrast achievable on recompression.
In CPA systems the effect of self-phase modulation on the pulse spectrum is small. However, recompression of the amplified, stretched pulses can be seriously affected by phase modulation. 7 
"'
To examine this effect, we developed a simple propagation model in which the transverse intensity distribution is coupled to the temporal evolution of the pulse only by providing a spatially varying nonlinear phase, defined by B(r, t) = Af f n 2 jE(r, t)1
where n 2 is the nonlinear component of the refractive index, n = no + n 2 IE(r, t)J 2 . Specifically the field is separable into a transverse distribution, F(x,y), and a slowly varying complex amplitude, A(z, t), such that
We assume that the initial low-energy pulse is transform limited with a field distribution, Eo(z, t), and a Fourier transform, Eo(z, co -coo). This pulse is stretched by a grating-based stretcher with a phase function, £kstr(c). An amplitude transfer function, M(co), can be included to account for any spectral filtering in the pulse stretcher:
where Ao(z, co -o 0 0) is the input spectral amplitude. An inverse Fourier transform gives the field distribution leaving the stretcher, Estr(r, t) = Astr(z, t)F(x, y)exp(ikoz).
One can treat nonlinear propagation through the laser system by solving the level population equations coupled with the nonlinear Schrbdinger equation. To concentrate on the effect of self-phase modulation only, we will neglect the effect of saturated gain. This assumption is satisfied even in saturated systems when the population inversion is depleted slowly over many passes (e.g., regenerative amplification). With saturation neglected, the amplifier chain can be treated with an effective net gain coefficient, a(co)L = lnG(co), where G(co) is the frequency-dependent net gain. Propagation through the amplifier chain then is described by the generalized nonlinear Schrddinger equation" sible to obtain transform-limited pulses on compression. In general, Eq. (3) must be solved numerically. However, given the practical limit that dispersion of the pulse owing to the initial pulse stretcher is much greater than the material dispersion in the amplifier chain, the propagation equation can be solved by a lumped-element or perturbative method. We initially neglect the material dispersion term in the nonlinear equation and then account for it in a second element containing no nonlinearity. This approach is valid for most CPA systems, in which an initial =100-fs pulse is stretched by a factor of several thousand (Tstr 200-500 ps) by the grating stretcher. In the absence of material dispersion (P2 = /3 = 0), Eq. (3) can be separated into two independent equations for the amplitude, A, and the phase, X,
az pulse is stretched to 400 ps by a grating pair and is injected into a Cr:LiSAF ring regenerative amplifier. The pulse is amplified to the 5-20-mJ energy level, and the output of the regenerative amplifier is recompressed. By keeping the number of round trips in the cavity constant, and by varying the gain in the LiSAF amplifier rod, we can vary the energy fluence and, therefore, the total nonlinear phase B, without changing the amount of dispersive material traversed by the pulse. The TEMoo character of the regenerative amplifier cavity ensures a smooth beam and minimizes any uncertainty in the laser fluence and single-shot autocorrelation measurement. The regenerative amplifier was run at a low repetition rate for these experiments to eliminate any issues of thermal focusing. The field leaving an amplifier of length z is given by
A(z, t) = A(O, t)exp(az/2)exp[iB(z, t)], where A(O, t)
is the field entering the amplifier, and, following The results of our calculations for an initial Tp = 100 fs Gaussian pulse, A 0 (O, t) = exp[-2 ln 2(t/'rp) 2 ], stretched to 200 ps before amplification and then recompressed with the idealized stretcher/compressor (5 = 0), are shown in Fig. 1 . For the case of B = 0, the compressed pulse is transform limited and recompressed to its original shape and duration. As the pulse is amplified (B > 0), the recompressed pulse rapidly develops extended wings and a decrease in peak intensity. Even with a small, nonlinear phase shift (B = 1), the compressed pulse is seriously degraded, producing temporal wings that extend hundreds of femtoseconds before the peak of the pulse. Terawatt-class Ti:sapphire-based systems typically will exhibit a design-dependent B integral between 1 and 3. To observe this pulse broadening, we examined the autocorrelation of the recompressed pulse as a function of nonlinear phase in the regenerative amplifier of our Cr:LiSAF system. The accumulated nonlinear phase was measured as a function of output energy by measurement of the whole-beam self-focusing of the Gaussian beam leaving the regenerative amplifier. The measured lle 2 diameter of the beam as a function of output energy is shown in Fig. 2 . Our cavity model is shown to fit to these data points (solid curve) with a single adjustable parameter, the n 2 of Cr:LiSAF. The calculation shown in Fig. 2 uses a value of n 2 = 4.8 X 10-4 esu (=1.4 X 10-16 cm 2 /W), nearly a factor of 3 higher than a previous measurement. 13 Second-order intensity autocorrelations of the recompressed, amplified pulse at low and high output energy are shown in Fig. 3(a) , both normalized to a peak value of unity. One curve is the autocorrelation at 1.5 mJ (B 0.1) representing a near-transformlimited 140-fs pulse. The second curve is an autocorrelation trace at 16.9 mJ (B = 1.3). The broadening of the pulse clearly is evident, as is severe degradation of the pulse contrast. Autocorrelations calculated from the model described previously, and using the value of n 2 determined from the selffocusing measurements, also are shown on this plot as solid lines, in good agreement with the experimental data. The calculated autocorrelation (FWHM) is compared with the measured values as a function of the nonlinear phase in Fig. 3(b) . The measured pulse width begins to broaden noticeably with B 2 1.
We observe negligible modification of the pulse spectrum with the increasing width of the autocorrelation. This is because the frequency modulation resulting from self-phase modulation is determined by the time derivative of the nonlinear phase, wc(t) = For a typical stretching ratio of 2000 for 100-fs pulses, the spectral modulation will be of the order of 10-.
In conclusion, self-phase modulation in the amplifier chain can degrade the quality of the compressed pulse in CPA systems, ultimately limiting the achievable pulse contrast. Even for modest values of the accumulated nonlinear phase, B < 1, significant energy can be removed from the central peak of the pulse and appear as a pedestal, thereby severely degrading pulse contrast and lowering the peak power.
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